Neurofibromatosis type 1 (NF1) is a common autosomal dominant disorder that predisposes patients to develop benign and malignant neoplasms, most often due to a loss of function mutation in the neurofibromatosis type 1 (NF1) gene. Neurofibromin, the protein product of NF1, regulates the inactivation of the Ras pathway, and thus acts as a tumor suppressor. Located in neurons, Schwann cells, and melanocytes, a decrease in neurofibromin predisposes patients with NF1 to tumors in both the central and peripheral nervous systems. Interestingly, brain tumors associated with NF1 often follow a more benign course than their sporadic counterparts and are often found in different locations. Thus, these tumors are often observed without tumor-directed therapy, unless clinical progression is noted, and then they are treated with surgery, chemotherapy or radiation. Current treatment trials seek to create more targeted therapies for specific tumor types associated with NF1 in order to increase efficacy and decrease treatment-related morbidity. This review will examine the most common types of brain tumors associated with NF1, including pilocytic astrocytomas, optic pathway gliomas, brainstem gliomas and glioblastomas, and will provide an overview of the clinical implications, current treatments, and ongoing clinical trials for these tumors.
Neurofibromatosis Type 1

Background and Clinical Features
Neurofibromatosis type 1 (NF1) is the most common heritable brain tumor predisposition disorder, affecting an estimated 1 in 3,500 people worldwide. 1, 2 This neurocutaneous disorder is autosomal dominant with approximately 50% of cases classified as sporadic and 50% as familial. 3 Although NF1 has 100% penetrance, the disease phenotype varies greatly within and between families and even within an individual, based on age and presumed genetic mosaicism. [4] [5] [6] Diagnostic standards for NF1 have been established
Diagnostic criteria for NF1 7* : 1) 6 or more café au lait macules: > 5mm in prepubertal patients > 15mm in postpubertal patients 2) 2 or more neurofibromas of any type or 1 plexiform neurofibroma 3) Freckling in the inguinal or axillary regions 4) Optic nerve gliomas 5) 2 or more Lisch nodules (harmatomas of the iris) 6) A distinct osseous lesion (ex: sphenoid dysplasia) or thinning of the long bone cortex with or without pseudarthrosis 7) A first degree relative with NF1, as diagnosed by the above criteria *Two or more clinical criteria must be present. by consensus criteria ( Table 1) . 7 Individuals with NF1 may also experience cognitive impairment, visual challenges, vascular abnormalities, and skeletal changes. 4, 8, 9, 10, 11 
Molecular Genetics
In more than 95% of cases, NF1 is associated with a heterozygous loss of function mutation in the neurofibromatosis type 1(NF1) gene, located at 17q11.2. 2, 4, 12 Over 800 different mutations in this gene or its protein product, neurofibromin, have been associated with NF1, with point mutations occurring in approximately 90% of cases and larger 1-1.5MB deletions occurring in approximately 10% of cases. 2, 4, 11 Neurofibromin is expressed in both neurons and nonneuronal tissue, especially oligodendrocytes, Schwann cells, and developing melanocytes. 2, 13 This protein product functions as a tumor suppressor by negatively regulating the p21-RAS proto-oncogene, and thus, by regulating cell proliferation.
14 Neurofibromin accomplishes this task by speeding the transformation of active GTP-bound Ras to inactive GDP-bound Ras. 15, 16 This transformation down-regulates Ras-driven signal transduction pathways, including those that target mTOR, ras, raf, PI3K, AKT, MAPK, PKB and cyclic AMP. 1, 2 In addition, heterozygous loss of NF1 has been shown to affect proper actin cytoskeleton motility, leading to cells with irregular shapes, adhesion capabilities, and increased invasive cell motility.
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Role in Tumor Predisposition
Complete loss of NF1 gene function is thought to be causative in tumorigenesis. 18 Since NF1 patients posses a heterozygous loss of NF1, they need only acquire one additional mutation to NF1 for tumorigenesis to occur. 2, 18 Due to the widespread expression of neurofibromin, NF1 patients may develop brain tumors, neurofibromas, malignant peripheral nerve sheath tumors (MPNSTs), carcinoid tumors, pheochromocytomas, leukemias and breast carcinomas, among others. 19, 20 This review will focus on NF1-associated brain tumors.
Optic pathway gliomas
Optic pathway gliomas (OPGs) affect 15-20% of individuals with NF1 and are therefore the single most common type of brain tumor associated with the disorder. 9, 10, 21, 22, 23 Due to their location in the optic pathway, OPGs are not usually biopsied, and thus researchers and physicians are limited in their ability to classify OPGs and to determine which molecular pathways have been disrupted in the tumorous tissue. However, with the limited pathologic data available, the majority of OPGs are classified as pilocytic astrocytomas, and fewer as diffuse astrocytoma, NOS per the updated WHO classification schema, or glioblastomas. 24, 25 Pilocytic astrocytomas in NF1 are WHO grade 1 gliomas characterized by biphasic architecture, Rosenthal fibers, and eosinophilic granular bodies.
11,21,24 NF1-associated pilocytic astrocytomas are characterized by a complete lack of NF1 gene expression, and thus by increased GTP-bound p21-Ras. 18, 26 Pilocytic astrocytomas that occur sporadically do not have a loss of NF1 expression, suggesting a distinct mechanism of tumorigenesis.
18,27
Clinical implications
OPGs are more common in children with NF1 than in the general population.
19,26,28 NF1-associated OPGs are often benign and are most often diagnosed and progressive in children between the ages of 2 and 6.
10,29 Approximately 33% of NF1 patients with OPGs will develop symptoms, however, there is no way to predict which tumors will cause clinical impairment, expressed as a decline in visual acuity or visual function. 9, 10 According to the Optic Pathway Glioma Task Force, given the frequency of OPGs in children with NF1 and the much smaller proportion of individuals with clinical symptoms, "serial ophthalmological examinations, particularly in young children with NF1, are very important" however, "screening neuroimaging of asymptomatic children with NF1 for the detection of optic pathway gliomas has not been shown to improve clinical outcome".
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While OPGs are more common in the NF1 population, they are also typically less aggressive than in the non-NF1 population. 21, 31 OPGs are more often found in the intraorbital optic nerve, or bilaterally in the optic nerves in patients with NF1 than they are in patients without NF1, who are more likely to have OPGs with optic tract involvement. 28, 31, 32 In addition, individuals with NF1 are more likely to have symptoms of proptosis, precocious puberty, or visual acuity loss, while sporadic OPGs are more likely to be associated with hydrocephalus and nystagmus.
31 Figure  1 demonstrates an optic pathway glioma found in a 10 year old girl who underwent neuroimaging for headaches. Visual acuity and visual fields were and remained stable without tumor directed therapy.
Treatment of OPGs is typically initiated when visual decline is noted, and then standard low grade glioma chemotherapy is the up-front treatment of choice. If there is an atypical appearance, surgery is considered. 2, 9 Following chemotherapy, 72% of NF1/OPG patients experience improvement and/or stabilization of visual acuity. 10 The need for and response to second or third line treatments has not been assessed in this patient population; review of retrospective data is in process and a prospective, multicenter study is planned to collect these data.
Brainstem Gliomas
Brainstem gliomas are the second most common type of brain tumor associated with NF1 and affect approximately 4% of patients. 2, 33 These tumors can be distinguished on imaging from the typical T2 hyperintense NF1-associated hamartomas or "NF spots", because they cause focal or diffuse brainstem enlargement, exert mass effect and demonstrate variable contrast enhancement. 23, 34 Similar to OPGs, brainstem gliomas are rarely biopsied to prevent iatrogenic brainstem dysfunction, limiting the amount of tissue available to medical personnel for tumor classification and molecular research. Many of the tumors, however, are also classified as pilocytic astrocytomas.
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Clinical implications
NF1-associated brainstem gliomas are often benign and progress clinically in only one-third, or less, of cases. 35 Children with NF1 and known brainstem gliomas are monitored clinically for development of symptoms referable to the location, such as headache, hydrocephalus, or cranial neuropathies. 33 Similar to OPGs, NF1-associated brainstem gliomas are more indolent than those not associated with NF1 and most often do not require clinical intervention.
2,36 Figure 2 demonstrates an expansive lesion in the cervico-medullary region that was detected on surveillance neuroimaging on a 4 year old boy with NF1, which on follow up imaging after 26 months had regressed significantly without any tumor-directed therapy. By contrast, brainstem gliomas in the non-NF1 population often cause death within 18 months of diagnosis.
33 Because many brainstem gliomas do not progress, physicians recommend consistent neurologic exams and imaging to detect progression, which would then suggest the need for treatment. 33 The typical location of NF1-associated brainstem gliomas also differs from the non-NF1 population. In NF1 patients, brainstem tumors are most often found in the lower medulla, followed by the pons, and finally in the midbrain, whereas in non-NF1 patients they are most prevalent in the pons and are typically more diffuse in nature and have a more aggressive clinical course. 23, 33, 34 
Glioblastomas
Glioblastomas are high grade (WHO grade IV) gliomas that are more common in adults than in children and are thought to cause approximately 2% of gliomas in NF1 patients. 21, 27, 36, 37 Although these high grade gliomas are thus rare in NF1, the risk of developing a glioblastoma is five times greater in patients with NF1 than in the general population.
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Clinical implications
NF1-associated glioblastomas are most often found in supratentorial brain regions.
38 Similar to the low-grade astrocytomas associated with NF1, glioblastomas have a better clinical course and overall survival than those not associated with NF1. 21 However, even with a treatment series including surgery, radiation, and chemotherapy, NF1-associated glioblastomas have a 2-year survival rate of under 60%. 21 Figure 3 demonstrates a right frontal glioblastoma in a 10 year old boy with history of NF1, which was treated with cranial irradiation and antiangiogenic therapy using bevacizumab.
Less frequent NF1-associated brain tumors
NF1-associated low grade gliomas are most commonly located in the optic system or brainstem, but they can also occur in the cerebellum and cerebral hemispheres. 2, 22 These low grade gliomas reside in locations more amenable to biopsy, so although they occur less frequently, there is more tissue available for investigation.
While pilocytic astrocytomas are the most common NF1-associated tumor class, other types of gliomas do occur, which are similarly left untreated unless clinical symptoms arise. 2 The second most common NF1-associated tumors are low-grade subtype intermediate (LGSI) tumors, followed by diffusely infiltrating astrocytomas. 24 Diffusely infiltrating astrocytomas are most often fibrillary astrocytomas, and tend to be less indolent than pilocytic astrocytomas and
LGSIs. 24 Rare cases of glioneuronal tumors (WHO grade 1), desmoplastic gangliomas, pilomyxoid astrocytomas (WHO grade II) and medulloblastomas (WHO grade IV) have also been reported in association with NF1. 24, 39 Distinctions between NF1-associated and sporadic tumors Common among many of the NF1-associated tumors is the fact that they have a more favorable course than their sporadic counterparts. The reasons behind this are not yet fully elucidated, but NF1-associated and non-NF1-associated tumors are thought to have distinct patterns of tumorigenesis; NF1-assocated tumors develop following complete loss of function of NF1 whereas sporadic tumors do not. 40 Approximately 66% of sporadic tumors have a tandem duplication in BRAF which leads to a fusion between KIAA1549 and BRAF.
41 KIAA1549:BRAF leads to hyperactivation of MAPK, a downstream product of Ras, and thus to aberrant cell proliferation. 22, 41 In fewer, typically higher grade II-IV gliomas, there is a mutation in BRAF that causes increased activation of MEK, another downstream element of the Ras pathway. 22, 42, 43 Additionally, sporadic glioblastomas are associated with loss of TP53, amplified epidermal growth factor receptor (EGFR), loss of CDKN2A/ p16, q10 deletions, and polysomy 7.
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Differences in outcomes for NF1-related and sporadic tumors may also be explained by the fact that NF1-associated tumors often have concurrent mutations in other genes such as p53.
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Treatment and Future Directions
The majority of NF1-associated brain tumors can be approached conservatively and often tumor-directed treatment is not necessary. 2, 10 This course of action is taken for three reasons: 1) NF1-associated tumors are often benign, 2) it is difficult to predict which tumors will result in clinical symptoms, and 3) current therapies, especially radiation, may increase the risk of secondary tumors or malignant transformation of benign tumors. 9, 11, 44 Surgery and/or chemotherapy are the typical treatments when clinical intervention does become necessary, due to the potentially deleterious side-effects noted after radiotherapy. 2, 9, 10, 11 Radiotherapy may increase the chance of moyamoya syndrome, malignant transformation of tumors, and secondary tumor formation, most often leading to sarcomas and breast cancers. 11, 44, 45, 46 Individuals with NF1 also represent an at risk-population with high risk of cognitive deficits after radiation. 2 Targeted clinical trials which take advantage of the known molecular underpinnings of NF1 are underway, first using drugs that target the Ras pathway, which is often upregulated in these neoplasms. 47 Promising clinical studies are investigating the efficacy of mTOR inhibitors, MEK inhibitors and tyrosine kinase inhibitors (Table 2) . Such inhibitors have shown anti-tumor properties in murine models or are currently used to treat other, non-NF1 related tumors. 47, 48, 49 If successful, these drugs will greatly advance the treatment of NF1-associated tumors.
Conclusions
In summary, individuals with NF1 are predisposed to a variety of brain tumors such as optic pathway gliomas, brainstem gliomas, and glioblastomas that tend to act more indolently than their sporadic counterparts. The majority of these tumors will not progress to cause clinical deficits and unfortunately, it is currently difficult to predict which tumors will progress. Due to these facts and given the toxicities associated with current chemotherapy, radiology, and surgery treatments, NF1-related tumors are often observed without intervention until clinical symptoms appear. Many promising trials are underway to create therapies that are more specifically targeted to NF1-related tumors, but future studies are still needed to better predict which tumors will remain benign and which will progress to cause clinical losses in order to start treatment as early as possible. 
